Introduction
============

Statins are commonly used to reduce the risk of cardiovascular disease (CVD), the leading cause of death in the United States. They act by inhibiting the activity of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting cholesterol biosynthesis enzyme. The resulting low intracellular sterol levels release the sterol regulatory element binding transcription factor 2 (SREBF2) from the endoplasmic reticulum, allowing it to be cleaved and activated in the Golgi, travel to the nucleus and bind DNA. This stimulates the upregulation of genes in the cholesterol synthesis and uptake pathways, most notably the low-density lipoprotein (LDL) receptor, which mediates uptake of LDL from the plasma.^[@bib1]^ Statins are most effective at lowering LDL-cholesterol (LDL-C), but they also lower plasma triglyceride (TG) in many people.^[@bib2]^ Elevated plasma TG levels contribute to cause CVD independent of LDL-C or high-density lipoprotein cholesterol levels,^[@bib3],\ [@bib4]^ and are thought to be responsible for some of the residual risk in statin-treated individuals after adjustment for LDL-C and other covariates.^[@bib5],\ [@bib6]^ Although the general mechanism by which statin treatment lowers LDL-C is well understood, little is known about factors underlying statin-induced changes in TG.

Though statins have well-documented clinical efficacy, there is a large degree of inter-individual variability in lipid lowering by statins,^[@bib7]^ and many individuals continue to have CVD events despite statin treatment.^[@bib8]^ There is some debate as to whether statins are as effective at primary prevention of CVD events in women as they are in men,^[@bib9],\ [@bib10],\ [@bib11]^ so further investigation of potential sex differences in statin response is warranted. A number of pharmacogenetic studies have sought to identify single-nucleotide polymorphisms (SNPs) that influence LDL-C statin response using candidate-gene and genome-wide association approaches, but the findings to date account for less than 10% of the variation in statin-induced LDL-C lowering variability,^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20]^ with variants near the apolipoprotein E (*APOE*) and lipoprotein, Lp(a) (*LPA*) genes showing some of the strongest and most replicated signals.^[@bib17],\ [@bib18],\ [@bib20]^ Genetic association studies of TG statin response have been even less fruitful, with two published genome-wide association studies revealing no genome-wide significant hits^[@bib15],\ [@bib16]^ and only a modest number of significant associations reported with genetic variation in candidate genes, such as lipoprotein lipase (*LPL*),^[@bib21]^ cholesteryl ester transfer protein, plasma (*CETP*), ATP-binding cassette, sub-family B (MDR/TAP), member 1 (*ABCB1*)^[@bib22]^ and *APOE*. Interestingly, the *APOE* locus was only associated with TG statin response in men,^[@bib23]^ indicating that there may be sex-specific differences in the genetic basis of TG statin response.

As statins stimulate a large transcriptional response mediated by SREBF2 and other factors, we sought to investigate inter-individual differences in statin-induced gene expression changes to identify genes that may have a role in TG statin response. Toward this objective, we performed transcriptomic analysis on a panel of lymphoblastoid cell lines (LCLs) derived from participants of the Cholesterol and Pharmacogenetics (CAP) simvastatin clinical trial.^[@bib7],\ [@bib24]^ Though LCLs have been transformed by Epstein-Barr virus (EBV) and thus may not perfectly reflect the genetic background of the human donors, we and others have shown that they are a useful model for the study of cholesterol metabolism and statin response *in vitro*.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ Using RNA-seq data collected from 100 Caucasian and 50 African-American control- and statin-exposed CAP LCLs, we identified genes with *in vitro* statin-induced expression changes that were correlated with plasma TG response in the cell line donors. We then investigated whether genetic variants near insulin-induced gene 1 (*INSIG1*), the most promising biological candidate from the list of correlated genes, were associated with *in vitro* gene expression changes and plasma TG response, suggesting a role for *INSIG1* in modulating TG statin response.

Subjects and methods
====================

Study population
----------------

Of the 609 self-reported Caucasian (white) and 335 self-reported African-American (black) participants of the CAP 40-mg simvastatin/day 6-week clinical trial (ClinicalTrials.gov ID: NCT00451828),^[@bib7]^ LCLs from 100 Caucasian and 50 African-American CAP participants were used in our RNA-seq analyses after quality control filtering. Informed written consent was obtained from the IRBs (Institutional Review Boards) of the sites of recruitment, the University of California Los Angeles and the University of California San Francisco. In addition, all research involving human participants was approved by the Children\'s Hospital Oakland Research Institute IRB. Clinical covariates and before and on-treatment lipid levels of these 150 participants are summarized in [Table 1](#tbl1){ref-type="table"}. TG was measured in fasting plasma samples at two pre-treatment and two on-treatment time points.^[@bib7]^ TG statin response (log(mean on-treatment TG)−log(mean pre-treatment TG)) of this subset was representative of the entire CAP population ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The pravastatin inflammation/CRP evaluation (PRINCE) 24 week clinical trial of 40 mg per day pravastatin has been previously described.^[@bib28]^ For our genetic analyses, we used 1311 white individuals with genome-wide genotype data as well as before and on statin treatment plasma TG measurements, including 503 individuals from the primary prevention cohort that were allocated statins and 808 individuals from the secondary prevention cohort.

RNA-seq
-------

Using polyA-selected RNA from LCLs exposed to 2 μ[m]{.smallcaps} simvastatin or control buffer for 24 h, indexed, strand-specific, paired-end Illumina sequencing libraries were prepared using a dUTP second-strand marking method^[@bib29]^ and sequenced to an average depth of 67 million 100 or 101 bp reads ([Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}; [Supplementary Methods](#sup1){ref-type="supplementary-material"}). Sequences were aligned to the human (hg19) and EBV (NC_007605) genomes with the Ensembl v67 reference transcriptome allowing four mismatches per aligned read using Tophatv2.0.4.^[@bib30]^ Duplicate fragments were removed from downstream analyses. Identity mismatches, sex mismatches, mixed samples, samples inferred to be from Latinos and 5' to 3' bias outliers were excluded. The resulting RNA-seq data are deposited in the database of genotypes and phenotypes (dbGaP) within phs000481.v2.p1. LCL gene fragment counts above our expression threshold were adjusted for library size and variance stabilized in DESeq2.^[@bib31]^ Gene expression changes were calculated and probabilistic estimation of expression residuals (PEER)^[@bib32]^ normalized ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) for correlation analyses.

Statin-responsive genes were identified by first conducting paired two-tailed *t*-tests allowing unequal variance between the variance stabilized control and statin expression levels of each gene and then by calculating the false discovery rate (FDR) adjusted *P*-values for all 14 004 genes using the *P*.adjust function in R. Genes with *q* values (FDR-adjusted *P*-values) under 0.0001 were considered as statin responsive. Spearman's rank order correlations between PEER-adjusted variance stabilized LCL gene expression changes and plasma TG statin response (delta log TG) were calculated using the rcorr function of the Hmisc package in R, and their *P*-values were FDR-adjusted as described above. An FDR threshold of 15% was used to identify candidate genes with statin-induced expression changes significantly correlated with TG response. The sex interaction analyses and other regression analyses were conducted in JMP 11.0.0 statistical software (SAS, Cary, NC, USA). Gene annotation enrichment analyses were conducted in DAVIDv6.7 (ref. [@bib33]) using the 13 931 human genes above the expression level threshold in LCLs as the background.

Imputation and genetic association analyses
-------------------------------------------

Participants of the CAP and PRINCE^[@bib28]^ statin clinical trials were genotyped as previously described.^[@bib16],\ [@bib34]^ Using the individuals and SNP genotypes that survived our quality control filters, we imputed to over 35 million SNPs with reference haplotypes from all of the populations in the 1000 Genomes Project Phase I v3 Shapeit2 panel^[@bib35]^ using MaCH^[@bib36]^ and minimac.^[@bib37]^

We conducted association analyses between genetic variants less than 200 kb^[@bib38]^ upstream or downstream of the *INSIG1* transcription start site and PEER-adjusted variance stabilized changes in gene expression (*N*=99 Caucasian LCLs) using an additive model in mach2qtl.^[@bib36]^ Owing to our modest sample size, we considered only SNP or indel variants with minor allele frequencies greater than 10% and omitted imputed variants with a MaCH imputation *r*^2^\<0.5.^[@bib36]^ To assess the significance of our results, we permuted the *INSIG1* gene expression change phenotypes among the 99 individuals 1000 times and used these 1000 randomly generated phenotypes to conduct simulations in mach2qtl, retaining the most significant association from each simulation that survived our minor allele frequencies and *r*^2^ filtering steps and were located in the 200-kb window around *INSIG1*. The empirical *P*-value of our result was calculated by dividing the number of simulations that had a *P*-value at least as significant by the total number of simulations considered (1000). We also conducted association analyses between our candidate SNP and delta log TG in CAP and PRINCE using an additive model and similar methodology as described above.

Splicing analyses
-----------------

Percent-spliced-in (PSI) values for *INSIG1* alternative splicing events were calculated using JuncBASEv0.6.^[@bib39]^ Events that had less than 25 total reads, had median PSI values less than 1% or greater than 99% or were significantly correlated (with *r*^2^\>0.4) with another event were removed from the data set, leaving 6 *INSIG1* alternative splicing events. Delta PSI values (statin PSI−control PSI) for each event in each cell line were calculated, and the splicing changes were each tested for correlation with delta log TG using Spearman's correlation in JMP. The delta PSI values of two splicing events that exhibited correlations with TG response (*P*\<0.05) were incorporated into a multiple linear regression model that also included statin-induced changes in *INSIG1* expression levels to determine the relationship of both *INSIG1* expression and splicing changes with TG response. This multiple linear regression was conducted on the entire sample set as well as the subset of males separately in JMP.

Results
=======

Statin-responsive LCL genes
---------------------------

Using RNA-seq data from 100 Caucasian and 50 African-American control- and statin-exposed LCLs derived from CAP participants, we found that expression levels of 37.6% of human and 64.4% of EBV genes tested were significantly altered by statin treatment (*N*=150, two-sided paired *t*-test FDR-adjusted *P*\<0.0001; [Figure 1](#fig1){ref-type="fig"}; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The most significant statin-responsive genes were upregulated and were enriched for genes in the cholesterol biosynthesis pathway ([Figure 1a](#fig1){ref-type="fig"}). The expression levels of *HMGCR*, an SREBF2 target gene, were increased in all 150 LCLs with statin treatment, confirming the effectiveness of the *in vitro* statin exposure ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Consistent with our previous findings based on expression array data from 480 CAP LCLs,^[@bib26]^ significantly changing genes were also enriched for other gene ontology biological processes; for example, upregulated genes were enriched for sterol biosynthetic process and downregulated genes were enriched for RNA processing and cell-cycle phase ([Supplementary Tables S2 and S3](#sup1){ref-type="supplementary-material"}). Though approximately half of all of the statin-responsive human genes went up and the other half went down (*q*\<0.0001), all of the statin-responsive EBV genes were upregulated ([Figure 1](#fig1){ref-type="fig"}; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Gene expression and TG statin response correlations
---------------------------------------------------

Plasma TG levels decreased by 15±27% with statin treatment in CAP on average (*N*=944; minimum −72% change; maximum +206% change), and 22% of individuals actually experienced an increase in TG with statin treatment, indicating a large degree of inter-individual variability in TG statin response ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Plasma TG changes were not significantly correlated with age, sex, BMI, race or smoking status in the CAP population (*N*=944, *P*\>0.05 for all), but there was a significantly greater variance in delta log TG in men than in women (−0.21±0.25 in 459 women and −0.21±0.32 in 485 men, Levene's test *P*=7.5 × 10^−5^). To investigate the inter-individual variation in TG response further, we asked which genes had statin-induced changes (statin-control expression levels) in the LCLs that were most correlated with the plasma TG statin responses of the corresponding donors. After adjusting gene expression changes for potential confounders using PEER, 23 genes had statin-induced changes that were significantly correlated with TG response (*N*=150, FDR=15%, [Table 2](#tbl2){ref-type="table"}), and this list of genes was significantly enriched for genes involved in lipid biosynthesis, sterol metabolism and related Gene Ontology biological processes ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Among the seven genes annotated as being involved in lipid biosynthesis, only fatty acid desaturase 3 (*FADS3*) was negatively correlated with TG response, and this gene was not annotated as being involved in sterol metabolism, unlike the other six lipid biosynthesis genes. Notably, *INSIG1* is involved in sterol metabolism but is an upstream regulator of lipid biosynthesis,^[@bib40],\ [@bib41]^ not a lipid biosynthesis enzyme, unlike the other six sterol metabolism genes in the list ([Table 2](#tbl2){ref-type="table"}).

*INSIG1* associations with TG response
--------------------------------------

As noted above, one of the top 10 genes with expression changes most correlated with TG response was *INSIG1*, an attractive candidate gene based on its central roles in sterol regulation through its inhibition of SREBF activation^[@bib40]^ and promotion of HMGCR degradation.^[@bib41]^ *INSIG1* expression changes and plasma TG changes were positively correlated, with LCLs derived from individuals who experienced the greatest reductions in plasma TG exhibiting some of the smallest increases in *INSIG1* mRNA expression levels with statin treatment (Spearman\'s *ρ*=0.32, *q*=0.11, *N*=150, [Figure 2a](#fig2){ref-type="fig"}). We noticed that this correlation was stronger in men than in women, with a significant sex interaction term (*P*=0.0055; [Figure 2b](#fig2){ref-type="fig"}). After imputation of the genotypes of CAP Caucasians using a 1000 genomes project reference panel, we looked for common (minor allele frequencies ⩾10%) genetic variants within 200 kb of *INSIG1* that were correlated with statin-induced changes in *INSIG1* and found an SNP, rs73161338, that was a differential expression quantitative trait locus less than 100 kb from the transcription start site of *INSIG1* ([Figure 2c](#fig2){ref-type="fig"}; [Supplementary Figures S6A and S7](#sup1){ref-type="supplementary-material"}, unadjusted *P*=5.4 × 10^−5^, *N*=99). We conducted 1000 simulations using permuted phenotypes and markers within 200 kb of *INSIG1* to further evaluate the significance of this *P*-value, and only 5 of these simulations exhibited more significant *P*-values than that which was observed with the real data, yielding an empirical *P*-value of 0.005. The *INSIG1* differential expression quantitative trait locus SNP (rs73161338) was associated with TG response in Caucasians from the combined CAP and PRINCE statin trial populations (*P*=0.0048, *N*=1887), and the association had a similar magnitude and direction of effect in CAP and PRINCE separately ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Interestingly, the association was driven by men (*P*=0.0016 in 1320 men alone) and was essentially absent in women (*P*\>0.9 in 567 women, [Figure 2d](#fig2){ref-type="fig"}). The rs73161338 minor (A) allele was associated with smaller statin-induced increases in *INSIG1* in LCLs and with greater reductions in plasma TG *in vivo*, consistent with the positive correlation we observed between change in cellular *INSIG1* and change in plasma TG ([Figure 2](#fig2){ref-type="fig"}).

We also calculated PSI values for six common *INSIG1* alternative splicing events in the control- and statin-treated LCLs ([Figure 3a](#fig3){ref-type="fig"}; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}) and found that statin treatment modestly reduced the prevalence of Event \#2 from 27.3 to 26.4% on average (*N*=150, two-tailed Wilcoxon signed rank *P*=0.002). When statin-induced changes in the six splicing events were tested for correlation with TG response, statin-induced changes in two different *INSIG1* splicing events had modest correlations with TG response ([Figures 3b and c](#fig3){ref-type="fig"}). The first was a known event that involved skipping two protein-coding exons that are present in the major isoform (Event \#4, Spearman's *ρ*=0.19, *P*=0.02, *N*=150), and the second was intron retention of at least part of the last intron that is normally spliced out of the major isoform (Event \#6, Spearman's *ρ*=−0.21, *P*=0.01, *N*=142). For both of these events, about half of the cell lines exhibited increases in splicing with statin treatment and the other half exhibited decreases, so the mean change in splicing was close to 0. Similar to the SNP and expression level associations with TG response described above, these correlations were stronger in males than in females ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

Finally, to assess the combined impact of *INSIG1* gene expression and splicing changes on TG statin response, we incorporated all three measures (*INSIG1* expression and splicing events \#4 and \#6) into a multiple linear regression model. The overall model explained 14.2% of the variance (*r*^2^) in TG response (*P*=9.2 × 10^−5^, *N*=142, [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). Consistent with the gender differences in the individual correlations, statin-induced changes in *INSIG1* expression levels and splicing events \#4 and \#6 accounted for 29.5% of the variance in TG response in men alone (*P*=5.6 × 10^−6^, *N*=81, [Supplementary Table S6](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Though TG lowering is not the primary goal of statin treatment, recent studies demonstrating that high TG levels can cause CVD^[@bib3],\ [@bib4]^ and that TG levels may be responsible for some of the residual CVD risk in statin-treated individuals^[@bib5],\ [@bib6]^ highlight the value of understanding how statin treatment changes plasma TG levels and the importance of identifying genetic factors that contribute to inter-individual variation in TG statin response. To date a few small human kinetic studies have found that statin treatment lowers plasma TG levels by increasing the clearance (fractional catabolic rate) of very low-density lipoprotein (VLDL) particles^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45],\ [@bib46],\ [@bib47],\ [@bib48]^ and increasing both preheparin plasma lipase activity and postheparin LPL activity,^[@bib43]^ while other studies have indicated that statins reduce VLDL-TG secretion and VLDL particle size.^[@bib49],\ [@bib50],\ [@bib51]^ It is possible that the mechanism by which statins reduce plasma TG levels could depend on an individual's baseline fractional catabolic rates and production rates.

The roles of INSIG1 in regulation of cholesterol homeostasis have been studied for over a decade.^[@bib40],\ [@bib41]^ Under conditions of sterol depletion, such as statin treatment, INSIG1 no longer retains SREBF chaperone in the endoplasmic reticulum, releasing it to transport the SREBFs to the Golgi for cleavage and activation. Once activated, the SREBFs can enter the nucleus and promote transcription of their target genes, including *INSIG1*. Though *INSIG1* transcription increases with sterol depletion, INSIG1 proteins are rapidly turned over when they are not bound to SREBF chaperone, thus reducing overall INSIG1 protein levels.^[@bib52]^ The mouse hepatic *Insig1* knockout shows trends toward lower plasma TG levels and increased hepatic TG accumulation. These differences become significant in *Liver-Insig1*^*−/−*^*Insig2*^*−/−*^ mice,^[@bib53]^ suggesting that the INSIG proteins promote VLDL secretion and/or inhibit VLDL clearance *in vivo*.

There has been limited evidence for association of genetic variation in *INSIG1* with endogenous plasma TG levels,^[@bib54],\ [@bib55]^ but here we identify an SNP associated with both *INSIG1* expression changes and TG statin response. In our study, the A (minor) allele of rs73161338 appears to blunt the normal statin-induced increase in *INSIG1* mRNA levels. As it is located about 95 kb from the transcription start site of *INSIG1*, rs73161338 could affect *INSIG1* expression changes by modifying binding to an enhancer or it could be in LD with other genetic variation that more directly affects *INSIG1* gene expression changes but was not genotyped or well imputed in our data set. With smaller increases in *INSIG1* mRNA with statin treatment, we hypothesize that less new INSIG1 protein is made to replenish the INSIG1 proteins that are degraded as a result of statin-induced sterol depletion. Consistent with the phenotypes observed in the *Insig* knockout mice, greater statin-induced reductions in INSIG1 protein could cause reduced VLDL secretion and/or increased VLDL clearance, thus causing greater reductions in plasma TG with statin treatment ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). Though this is a plausible model for how statins and rs73161338 influence plasma TG changes through *INSIG1*, further studies would be necessary to rule out the possibility that the *INSIG1* and TG change relationship is purely correlative.

Despite the abundance of alternatively spliced isoforms of *INSIG1* that produce different protein products and our finding that at least one *INSIG1* splicing event is statin responsive, the role of these alternate isoforms in the regulation of cellular cholesterol metabolism has not been studied to date. Since we observe that statin-induced changes in two different *INSIG1* transcripts that may code for altered protein products are correlated with TG response even after accounting for overall changes in *INSIG1* expression levels, the alternate INSIG1 isoforms may be regulated or function differently from the major isoform, but this requires further investigation. Given that the alternative splicing of *HMGCR* also accounts for some of the inter-individual variation in plasma LDL-C statin response,^[@bib24]^ differences in alternative splicing are an important regulatory mechanism of cellular sterol and lipid metabolism and statin response.

Another intriguing aspect of our findings is the sex specificity of the TG response correlations. Since there are many known differences in VLDL metabolism between the sexes^[@bib56],\ [@bib57]^ that may be influenced by plasma sex steroid levels^[@bib58],\ [@bib59],\ [@bib60]^ or adipose tissue distribution,^[@bib61]^ it is possible that there are also mechanistic differences in TG statin response between women and men. Further studies are needed to fully explore this possibility.

In summary, we leveraged RNA-seq data from control- and statin-treated LCLs derived from 150 statin clinical trial participants to identify novel statin-responsive genes and genes whose statin-induced expression changes were correlated with plasma TG statin response *in vivo*. *INSIG1*, a central regulator of cholesterol metabolism, emerged as a promising candidate modulator of TG statin response. This study is just one step toward a better understanding of factors that influence TG statin response, which could help to predict the efficacy of statins in lowering CVD risk and potentially inform the development of new therapeutics.
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![Statin-induced changes in human and Epstein-Barr virus (EBV) gene expression in 150 Cholesterol and Pharmacogenetics (CAP) lymphoblastoid cell lines (LCLs). Gene expression levels were quantified using RNA-seq data from control- and statin-treated LCLs derived from 100 Caucasian and 50 African-American participants of the CAP simvastatin clinical trial. (**a**) Statin-responsive genes were identified using a paired two-tailed *t*-test comparing control- and statin-treated gene expression values. The approximate log~2~ fold change was calculated by subtracting the library-size adjusted and variance stabilized estimates of the control from the corresponding statin libraries and averaging across all LCLs. The horizontal red dotted line indicates false discovery rate (FDR)-adjusted *P*\<0.0001. Genes of EBV origin are depicted as blue triangles, and human genes that are annotated with the cholesterol biosynthesis Gene Ontology biological process are shown as yellow squares. (**b**) The numbers of statin-responsive LCL genes in the 150 CAP LCLs (FDR-adjusted *P*\<0.0001) out of a total of 13 931 human and 73 EBV genes were categorized by directionality.](tpj201612f1){#fig1}

![Correlations of insulin-induced gene 1 (*INSIG1*) statin response, plasma triglyceride (TG) statin response and rs73161338 genotype split by sex. (**a**) Correlation of *INSIG1* lymphoblastoid cell line (LCL) gene expression changes with plasma TG response in *N*=150 Cholesterol and Pharmacogenetics (CAP) participants. The approximate *INSIG1* fold change was calculated by taking 2\^(variance stabilized gene expression deltas). Though the trendline is from linear regression and the x axis depicts approximate fold change, the correlation was calculated by taking the Spearman correlation of the *INSIG1* variance stabilized gene expression deltas (adjusted for three probabilistic estimation of expression residuals (PEER) hidden factors) with plasma delta log TG. (**b**) Correlations of *INSIG1* LCL gene expression changes with plasma TG response in *N*=86 male and *N*=64 female CAP participants. Correlations in each sex subset were calculated as in (**a**). (**c**) *INSIG1* gene expression changes separated by imputed rs73161338 genotype and sex. The unadjusted *P*-value for the association of delta *INSIG1* versus allelic dosage using an additive allelic model for both sexes combined was 5.4 × 10^−5^ (empirical *P*=0.005), with no sex-specific differences identified. (**d**) Plasma TG statin response separated by imputed rs73161338 genotype and sex. *P*-values were calculated using an additive allelic model associating allelic dosage with TG response in *N*=307 CAP+*N*=1013 pravastatin inflammation/CRP evaluation (PRINCE) Caucasian men and *N*=269 CAP+*N*=298 PRINCE Caucasian women. Means±s.e. are displayed.](tpj201612f2){#fig2}

![Insulin-induced gene 1 (*INSIG1*) splicing events and correlations of *INSIG1* splicing statin response with plasma triglyceride (TG) statin response. (**a**) Percent-spliced-in (PSI) values for six common *INSIG1* splice variants were quantified in control- and statin-treated lymphoblastoid cell lines (LCLs) using JuncBASE. (**b,** **c**) Statin-induced changes in (**b**) Event \#4 and (**c**) Event \#6 PSI values were tested for correlation with delta log TG using Spearman's correlation. Event \#6 measures the proportion of sequence reads that cross an exon--intron boundary on either end of the intron, and thus may not reflect complete intron retention.](tpj201612f3){#fig3}

###### Characteristics of 150 CAP participants used in RNA-seq analysis

                                              *AA men*      *AA women*    *Cau men*     *Cau women*   *All*
  ------------------------------------------- ------------- ------------- ------------- ------------- -------------
  *N*                                         26            24            60            40            150
  Ethnicity                                   Afr. Am       Afr. Am       Caucasian     Caucasian     66.7% Cau
  Gender                                      Male          Female        Male          Female        57.3% male
  \% smokers                                  15.4%         12.5%         10.0%         7.5%          10.7%
  Age (years)                                 50.6±12.6     52.6±13.2     53±12.2       55.9±12.5     53.3±12.5
  BMI[a](#t1-fn2){ref-type="fn"}              29.4±5.5      30.9±5.8      27.7±4.2      27.5±6.5      28.5±5.5
  Baseline TG                                 132±65.2      99±42.6       131.5±65.8    122.1±64.1    123.9±62.6
  Statin TG                                   110.9±55.9    78.5±33.4     104.6±70.8    92.8±49.3     98.4±58.6
  \% Change TG                                −9.3±41.4%    −15.7±26.5%   −20.2±25.6%   −21.8±18.4%   −18.0±27.6%
  Baseline TC                                 206.4±40.5    202.0±34.6    207.0±33.4    221.1±38.0    209.9±36.4
  Statin TC                                   149.7±35.5    152.9±27.6    146.7±27.8    156.2±33.4    150.8±30.7
  \% Change TC                                −26.9±13.3%   −23.9±10.4%   −28.9±9.9%    −28.9±11.5%   −27.8±11.1%
  Baseline LDL-C                              134.4±36.9    121±35.7      134.3±31.6    135.5±33.9    132.5±33.9
  Statin LDL-C                                80.6±28.3     70.9±23.3     77.6±23.9     74.7±27.9     76.3±25.6
  \% Change LDL-C                             −39.4±15.2%   −40.7±13.1%   −42.2±13.1%   −44.7±14.9%   −42.2±13.9%
  Baseline HDL-C[b](#t1-fn3){ref-type="fn"}   45.6±10.9     61.4±20.5     46.6±12.1     61.4±20.6     52.7±17.6
  Statin HDL-C[b](#t1-fn3){ref-type="fn"}     47.1±10.6     66.5±22.7     48.4±13.0     63.2±20.2     55.0±18.4
  \% Change HDL-C                             4.3±11.0%     8.7±10.8%     4.5±11.4%     3.6±9.4%      4.9±10.8%

Abbreviations: AA, African American; BMI, body mass index; CAP, Cholesterol and Pharmacogenetics; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride. Values are mean±s.d. Baseline and statin lipid measurements are in mg dl^−1^.

BMI was significantly different between the 100 Caucasians and 50 African Americans (*P*=0.007, Wilcoxon rank-sum test).

Baseline and on-statin HDL-cholesterol levels were significantly different between the 86 men and 64 women (*P*=3 × 10^−8^ for both, Wilcoxon rank-sum test). None of the other phenotypes or covariates listed here were significantly different (*P*\<0.05) between races and sexes in this *N*=150 CAP subset.

###### Genes with statin-induced LCL expression changes significantly correlated with plasma triglyceride statin response (FDR=15%)

  *Gene name*    *Ensembl gene ID*  *Location*   *rho*        p      q        *Sterol metab.*   *Lipid biosyn.*
  ------------- ------------------- ------------ -------- ---------- ------- ----------------- -----------------
  *HMGCS1*        ENSG00000112972   5p14-p13     0.383     1.30E−06  0.014           Y                 Y
  *EBP*           ENSG00000147155   Xp11.23      0.377     2.05E−06  0.014           Y                 Y
  *ITGB2-AS1*     ENSG00000227039   21q22.3      −0.347    1.36E−05  0.063                              
  *IDI1*          ENSG00000067064   10p15.3      0.331     3.48E−05  0.098           Y                 Y
  *UHRF2*         ENSG00000147854   9p24.1       −0.331    3.48E−05  0.098                              
  *TRIM2*         ENSG00000109654   4q31.3       −0.322    5.83E−05  0.109                              
  *NSDHL*         ENSG00000147383   Xq28         0.322     5.92E−05  0.109           Y                 Y
  *SC5D*          ENSG00000109929   11q23.3      0.320     6.72E−05  0.109           Y                 Y
  *INSIG1*        ENSG00000186480   7q36         0.316     8.00E−05  0.109           Y                  
  *ARHGAP11B*     ENSG00000187951   15q13.2      −0.316    8.23E−05  0.109                              
  *FADS3*         ENSG00000221968   11q12        −0.314    9.31E−05  0.109                             Y
  *NIPSNAP1*      ENSG00000184117   22q12        0.314     9.37E−05  0.109                              
  *FAHD1*         ENSG00000180185   16p13.3      0.310     0.000115  0.120                              
  *MARCKSL1*      ENSG00000175130   1p35.1       0.306     0.000138  0.120                              
  *YTHDF2*        ENSG00000198492   1p35         0.306     0.000140  0.120                              
  *COX10-AS1*     ENSG00000223385   17p12        −0.305    0.000151  0.120                              
  *CYB5B*         ENSG00000103018   16q22.1      0.305     0.000151  0.120                              
  *DHCR7*         ENSG00000172893   11q13.4      0.303     0.000160  0.120           Y                 Y
  *R3HCC1L*       ENSG00000166024   10q24.2      −0.303    0.000163  0.120                              
  *TRIM38*        ENSG00000112343   6p21.3       −0.301    0.000183  0.128                              
  *ISOC1*         ENSG00000066583   5q22.1       0.300     0.000195  0.130                              
  *IDH1*          ENSG00000138413   2q34         0.298     0.000209  0.133                              
  *KIF18B*        ENSG00000186185   17q21.31     −0.296    0.000240  0.146                              

Abbreviations: FDR, false discovery rate; LCL, lymphoblastoid cell line. Rho is the Spearman's rank correlation coefficient, *q* is the FDR-adjusted *P*-value and the sterol metabolism and lipid biosynthesis columns indicate the genes that are annotated with those Gene Ontology biological processes.
